Abstract
The development of a ion mobility spectrometer with an injection molded plastic drift tube made from carbon-loaded Nylon and the cyclo-olefinpolymer Zeonex TM , is described. Thermogravimetric assessment combined with headspace analysis by ion mobility spectrometry and gas chromatography-mass spectrometry indicated that Zeonex TM encapsulated carbon-loaded nylon could be used to fabricate a snaptogether injection molded stacked ring drift tube, 4.25 cm long that could be substituted for a conventional wire-wound heated ceramic drift tube of the same length into a high temperature ion mobility spectrometer. 3, 4 ; food quality and environmental 5 screening applications 6, 7 . Another vitally important aspect of IMS is the continuing development of IMS-MS systems and applications, and a recent review provides a useful and informed overview of this area 8 .
The construction of conventional stacked-ring ion mobility drift tubes is a skilled and time-consuming process 1 , and miniaturization of such designs is problematic for the field defining electrode geometries are constrained by the manufacturing techniques available to build them. So, although miniature ion mobility spectrometers have been demonstrated, the ultimate sizes of such devices are limited until: better fabrication methods; more effective management of electric field homogeneity; higher levels of electrical shielding; suppression of electric field fringing phenomena in small volumes; and, elimination of charging of the inner surfaces of miniaturized drift tubes have all been addressed. Meanwhile, the established processes and materials are expensive to implement, and will continue to block the development of instrument design and the associated spatial geometries of the internal elements of the instrument.
Alternative approaches to a stacked ring design have been developed with ceramic or glass drift tubes fitted with flexible conducting electrodes wrapped around the outside 1, 9 . Coated ceramics were proposed early on the development of IMS systems for security/military applications 10 This study sought to demonstrate the use of plastic in the construction of a drift tube for an ion mobility spectrometer and to identify the developmental and technical challenges that need to be addressed in the development of fully plastic IMS systems.
Experimental

Polymers
Nylon and carbon-loaded nylon were obtained from LNP Engineering Plastics Ltd, Solihull, UK. Zeonex TM and Zeonor TM were supplied by Nippon Zeon Ltd, Cardiff, UK., and carbon-loaded polystyrene was supplied by Northern Industrial Plastics Ltd, Chadderton, UK. The degassing and melting point temperatures are summarized in Table 1 Polymer Characterization and Selection
The polymers were tested to determine which of these plastics provided the most likely combination of compatible materials. Gravimetric analysis during thermal conditioning, followed by headspace analysis by IMS and gas chromatography-mass spectrometry (GC-MS) were used to assess the candidate materials. Carbon-loaded nylon lost 0.5 % of its mass in the first 11 hrs and then stabilized. This material re-equilibrated more slowly than the first three regaining its initial mass after 7 days. Nylon, however, underwent irreversible mass loss on heating to 90 °C losing ca. 1.75% of its mass in the first 11 hr, and then continuing to lose a further 0.1% over the next 69 hr. Over the course of the 7 day re-equilibration period Nylon regained mass but did not stabilize.
The observations for Zeanor, Zeonex, carbon-loaded polystyrene and carbon-loaded nylon were consistent with the release and re-absorption of water. Nylon's mass-loss data were indicative of thermal decomposition followed by re-absorption of water. The final test characterized the headspace vapors from the polymers by IMS.
Samples of the granular polymers (3 g) were placed into a headspace vial, maintained at a constant temperature (18 °C to 19.5°C) that was connected by a sheath-flow inlet to an ion mobility spectrometer (HiTIMS, Smiths Detection, Watford, Hertfordshire, UK, Formally Graseby Dynamics) 18 , see Table 3 for a summary of the experimental conditions, and Figure 3 for example mobility spectra.
The only responses observed were in the reactant ion peak region; no other product ions were observed up to a drift time of 45 ms. Zeonor, Zeonex and conductive polystyrene produced broadly similar effects with the predominant reactant ion The headspace IMS tests were repeated after conditioning the polymers by heating to 90 °C in a vacuum oven (100 Pa) and leaving overnight > 12 hr, see Figure 3 . The responses were entirely consistent with reductions in the levels of water and ammonia. Indeed only carbon loaded polystyrene was observed to still generate an ammonia-related response after conditioning. Table 4 summarizes the mobility data from these tests.
The observations from the polymer characterization study emphasized the need for conditioning polymers before their use. Conductive nylon has a higher temperature stability than conductive polystyrene, however the levels of out-gassing meant the drift tube design had to provide encapsulation of the carbon-loaded nylon field defining electrodes with Zeonex; chosen for its higher thermal stability over Zeonor.
Design
Finite element modelling software (Comsol Multiphysics Ver 3.2) was used to optimize the design of the polymeric drift tube. The starting point was an evaluation of the HiTIMS system; that was to be modified to accept an injection molded drift tube. The wires that supply voltages to the field defining electrodes were also included in the model and as a consequence the routing and connections associated with power supplies and field defining electrodes were identified as important in establishing a homogeneous electric field in the drift tube. Radial connections were found to generate the most homogeneous electric fields and the final design eliminated wires from within the electrical shielding of the drift tube, see Figure 4 .
The drift tube was based on a stack of interleaved polymer disks that snapped together with alternate conducting polymer disks and insulating polymer spacers. The field defining electrodes were made from conducting nylon and the spacing disks were made from Zeonex and encapsulated the conducting nylon electrodes suppressing released vapors. The number of field defining electrodes and the spacing between them was based on the wire wound ceramic drift tube that they were to replace. The field defining electrodes were designed to receive a snap-on electrical connector, and House, Moat Way, Ashford, Kent, TN24 0TT, UK.) that produced the CNC control codes for micro-machining the aluminium parts. The micro-machining was performed using a CAT3D-M6 micro-machining centre (Datron Electronic GmbH, Mühltal, Germany). The finished molds were washed with water and sonicated in a cleaning solution (Decon 90 in de-ionised water) followed by methanol, each for 15 min, before conditioning in a vacuum oven at 120°C for two hours.
Instrumentation
Drift tube. The conducting nylon and Zeonex polymers in their granulated form were conditioned immediately prior to use (90°C, 100 Pa >12 hr), and loaded into a Babyplast 6/10. This injection molder is for the fabrication of small plastic parts and is suitable for prototype fabrication with "easy-to-handle" polymers. The injection molding parameters were empirically optimized and are summarized in Table 5 . Once set-up, field defining electrodes were produced at a rate of up to 360 parts per hour.
Once cool the polymeric parts were removed from their spree and sonicated for 30 Glebe Road, Huntingdon, Cambridgeshire PE29 7DR, UK).
Experimental Tests
Temperature effects.
The effect of temperature on the polymeric drift tube was studied by monitoring the reactant ion peak during temperature programmed experiments which heated the drift tube to 80°C and then allowed it to cool to 24°C. A spectrum from 50 averaged scans was obtained at every 1°C step. The data were processed in LabviewTM and rendered into three dimensional surfaces showing drift time intensities against temperature, Figure 6 .
Stability
The stability of the polymer drift tubes were evaluated by continuously monitoring the reactant ion peak at ambient temperature with a drift flow of 250 cm 3 min -1 with a shutter pulse duration of 300 μs for up to 4 hr, Figure 7 .
Comparison of responses
Two gravimetrically calibrated permeation sources, one containing hexan-1-ol, the other dimethylmethylphosphonate, were fitted into a test atmosphere generator that delivered 2 ppm(v) at 10 cm 3 min -1 to a sheath flow inlet at the IMS (sheath flow 50 cm 3 min -1 and drift gas flow 150 cm 3 min -1 ). The sheath flow inlet was adjusted to provide clearly resolved ion mobility spectra The data acquisition parameters were 60 averaged spectra collected at a rate of 10 kHz with a shutter pulse duration of 300 μs.
Drift times were measured from the ion gate closure, Figure 8 .
Results.
The effect of Temperature Figure 6 is a false color image of the temperature response surface recorded during the temperature programming experiment. To begin with the reactant ion peak shifted to higher mobility (lower drift time), indicated by the letter "A" with increasing temperature. This was due to the reduction in the size of the hydration envelope of the reactant ion as it shifted to smaller clusters. Superimposed onto this shift to increasing mobility was the likely emergence of an ammonium ion signal, which by 50 °C appeared to have sequested most of the charge from the original reactant ion peak; leaving a residue water-based signal (see B on the enlarged inserts in Figure 6 ). From about 50°C upwards the mixed ammonium/water peak diminished into a complicated and difficult to resolve set of disparate features. Indeed, increasing the temperature still further resulted in the emergence of out-gassed and thermal breakdown compounds that yielded a complicated and low intensity set of superimposed ion mobility peaks (see C in Figure 6 ) with a concomitant suppression of the ammonium/water peak.
Stability.
The results of the stability tests enabled drying, surface charging and out-gassing phenomena to be studied. is more hydrophilic, so adsorbed water would reduce the resistivity still further.
Nylon, however, releases ammonia and the mobility spectrum was anticipated to contain a significant ammonia component.) The resultant ion mobility spectrum did indeed contain an ammonium ion peak as-well-as the water-based reactant ion peak.
On start-up the mobility of the water-based reactant ion peak increased over 20 These data were collected using drift tubes that had been conditioned and stabilized in the instrument with drift gas flowing continuously through them. Before use the shutter grids had been shut to allow surface charge on the inner walls of the drift tube to dissipate. The responses were essentially the same as those observed using the wire wound ceramic drift tube of the HiTIMS; albeit with a slight reduction in sensitivity, thought to be due to be due to imperfect alignment between the drift tube and the gating electrodes and/or the shielding grid and gating detector assembly. After prolonged use, signal artifacts were observed and these were attributed to adsorption of neutral species onto the interior surfaces of the drift tube.
Summary
These data demonstrate, for the first time, the possibility of constructing an ion mobility spectrometer's drift tube from plastic components at a fraction of the cost of currently used approaches. Nevertheless, there are still challenges associated with the formulation of the most effective polymers for this type of application. The polymers used in this study were selected for their compatibility with the prototyping facilities available to the researchers. More sophisticated injection molding systems enable temperature and pressure programming with more demanding polymer formulations, such as PEEK and PTFE. Using temperature and pressure programmed injection molding systems will also enable the optimization of the fabrication process parameters to generate homogeneous bulk conductivity within the polymer matrix on cooling. This is a non-trivial challenge for differential cooling and pressure gradients within the mold introduce heterogeneity into the cast components that result in nonlinear voltage gradients across the material. Success here will enable the use of single element field defining electrodes in designs informed by the conducting glass systems and planar designs noted previously 1,2, 13 .
This study also sought to identify and prioritize the technical and material science challenges that accompany a move towards polymer-based ion mobility spectrometers. Three priorities have been highlighted during the current study: outgassing/thermal stability; surface resistivity; and, conditioning of polymer components before and after injection molding. The adoption of more thermallystable polymers, such as PEEK and PTFE, is anticipated to extend the temperature range over which polymeric drift tubes may be used and the thermal conditioning regimes that they may be subjected to. It was no surprise to observe the importance of surface charging effects in delivering a stable and sensitive response with polymeric drift tubes. Unless charge on the surfaces of the drift-tube can be dissipated the resultant system will be difficult to operate and validate. Incorporating a static dissipative polymer component is a logical first step in this regard.
The next-steps in this research programme then are the creation, or adoption, of a polymeric formulation with a low-water content (to inhibit the release of humidity into the drift gas flow), but at the same time with slightly static dissipative attributes sufficient to provide a rate of dissipation higher than the rate of charge accumulation on the inner walls of the drift tube. As observed above, adopting injection molding approaches to drift tube designs also allows the exploration of more complex field defining designs, not feasible using established construction methods, and this is also a logical continuation of this work. A false color image showing the intensity of the peaks in the temperature response surface for the Zeonex and conducting nylon polymeric drift tube. The inserts are enlargements, and enhancements, of the area of the surface where temperature driven modification of the polymer became pronounced, and the water based reactant ion peak was suppressed as the out-gassed ammonia started to dominate the reactant ion peak chemistry.
Key:
A: shows the reactant ion water-based peak shift towards lower drift times with increasing temperature; B: traces of the original water-based reactant ion at temperatures above 50°C; and C, the development of what is thought to be an ammonia-based entity, accompanied by other out-gassed components arising from thermal decomposition. 1.32 Figure 8 . Example ion mobility spectra obtained for dimethylmethylphosphonate (2 ppm(v)) , top; and, hexan-1-ol (2ppm(v)), middle compared against a blank spectra. The data were collected at 22 °C using a conditioned and stabilised polymer drift tube with carbon loaded field defining electrodes encapsulated in Zeonex. The sheath-flow inlet was adjusted to regulate the mass-flux of analyte into the reactant region to generate these spectra. The numbers give the reduced mobilities of the product ions observed (cm2 V-1 s-1). Table 1 . Summary of the five polymers examined in this study. 
TABLES
Material T D / °C T M / °C Comment
